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ABSTRACT

The Astronomical Instrumentation Group at Cardiff University has been developing metal mesh optical filters for more
than 30 years, which are currently in use in many ground-, balloon- and space-based instruments. Here we review the
current state of the art with respect to these quasi-optical components (low-pass, high-pass and band-pass filters, dichroics
and beam-dividers) as developed for the FIR and sub-millimetre wavelength region.

We compare performance data with various modelling tools (HFSS, transmission line theory or Floquet mode analysis).
These models assist with our understanding of the behaviour of these filters when used at non-normal incidence or in the
diffraction region of the grid structures. Interesting artefacts, such as the Wood anomalies and behaviour with S and P
polarisations, which dictate the usage of these components in polarisation sensitive instruments, will be discussed.

Keywords: FIR-submillimetre; filters; dichroics; beam-dividers; cryogenic systems
1. INTRODUCTION

Metal mesh filters have been used in FIR and submillimetre wave instruments since the first publication by Ulrich' of the
transmission properties of metal grids. This work was based on a simple premise that the optical transmission properties
of these meshes could be accurately modelled by considering each mesh as a lumped circuit element in a free space
transmission line. Importantly, the lumped element impedance for metallic strips had been previously determined by
Marcuvitz® to be dependent only on the geometric properties of the strip. This analogue between the geometrical
parameters and the optical response is key to all filter manufacture.

Ulrich’s early work centred on the properties of only two types of structure: a simple grid with a regular array of square
openings; and its complementary structure of an array of metallic squares supported on a thin dielectric substrate. Their
modelled behaviour, using the transmission line method, is likened to a lumped inductance and a lumped capacitance
respectively and hence we refer to these structures as inductive or capacitive meshes. Figures 1a and 1b give the
schematic circuit and expected optical response for these elements.

Initially electroformed free-standing wire meshes were used, but these proved to be very fragile with the complementary
structure being created by thermal evaporation onto a thin dielectric using the inductive grid as a mask. Fortunately,
ultra-violet photolithographic techniques quickly provided the tool by which we can accurately replicate metallic patterns
over large areas with good control of the filter geometrical properties. Thus both the inductive and capacitive meshes
now use a thin dielectric substrate of either Mylar or polypropylene coated with a thin (~0.4pum) copper film. For all air-
gap filters we use either 1.5 or 0.9 um thick Mylar substrates, depending on the frequency range.

By superposing the two patterns of Figure 1 a third mesh type can be fabricated which has both inductive and capacitive
properties, and is therefore self resonant, resulting in optical band-pass characteristics. Such structures were used at
microwave region (e.g. see Arnaud and Pelow) and adapted for submillimetre wavelengths by Davis®. Figure 2 shows
the equivalent circuit and expected optical response. All patterned metallic meshes with inherent frequency selectivity
are referred to in the literature as Frequency Selective Surfaces’ (FSS), although in more general usage this terminology
also includes surfaces with 3-D structure. These latter devices, which have the prospect of creating negative refractive
index by translating the EM field through the surface via current flow, will not be addressed here but offer a pathway to
making near perfect optical components in the future (no diffractive or substrate losses).
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Figure 1a: Inductive grid geometry, equivalent circuit and spectral properties
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Figure 1b: Capacitive grid geometry, equivalent circuit and spectral properties
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Figure 2: Resonant grid geometry, equivalent circuit and spectral properties
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To illustrate how well the optical properties of these metal grid structures are represented by simple transmission line
modelling, Figure 3 presents measurements for the three types for normal incidence in a near collimated beam.
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As indicated above, modelling is fundamental to being able to use these structures to make filters, which have a specific
spectral response. A first approach is to build a transmission line model that can be used to simulate the spectral
characteristics of many single meshes stacked together with plane parallel spacers to form an interference filter. Figure 4
shows an exploded view of a multi-layer filter in which the spacers between the plane parallel metallised sheets can be
air gaps or dielectric discs. Air gap devices need an annular support ring, whilst the dielectric spacers can be fused
together with the mesh sheets to make a solid self-supporting filter disc. The lumped impedances used in the modelling
are basically those determined by Marcuvitz” and produce an accurate prediction of a filter’s spectral response based
purely on the geometric input parameters.
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Figure 4: Exploded view of a multilayer interference filter. The
| — | metal meshes are patterned onto supporting dielectric sheets,
which can then be sandwiched with annular metal spacers for
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However, this simple theory will not treat diclectric losses, non-normal incidence or behaviour in the diffraction region.
To overcome most of these problems we use a cascade scattering matrix approach (e.g. see Stainforth®), which allows for
lossy dielectrics and is found to be suitable for most filter development work. As will be seen in later sections, we have
also found it necessary to use other modelling tools: High Frequency Structure Simulator, HFSS’, which provide an
exact solution to Maxwell’s equations for a unit cell of the structure; and Floquet mode analysis®, which provides an
analytic method for treating transmission properties through to the diffraction region. Both are used here to give insight
into the physical interpretation of the spectral features seen in our filters.
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Here we review the current status of metal mesh filter design and manufacture, through comparison of experimental
results with the appropriate theory. Thus we show how best to use the components that are available, whilst indicating
inherent limitations in their usage.

The critical optical properties for any multi-layer interference filter depend on the purpose of the filter and on how it will
be used in an instrument. In the following sections, we will therefore describe specific types of filter, relating
experimental data to theory, whilst indicating the implications of their properties to their deployment in instruments.

2. LOW PASS EDGE FILTERS

As evident from Figure 1b capacitive meshes behave as a low-pass filter before diffracting higher frequency radiation
when & (= 1/v with v in em™)) < the grid period, g. By stacking several together, with appropriate spacing, the cut-off
can be sharpened at the expense of ripples in the pass band. These ripples can be reduced by mixing together meshes
with differing characteristic impedances (geometries), the edge slope increasing with the number of elements. Such
behaviour is standard for all interference filters, and recipes for achieving particular characteristics are available (e.g. see
Matthaei, Young and Jones’). For air/vacuum gap filters with between 6 and 12 layers we have been able to obtain
maximally flat pass band response with excellent out of band rejection. Figure 5 shows the measured performance for
such a filter. Although these filters have a long history of repeatedly cycling to cryogenic temperature without failure
and marginal increase in performance they are not easily adaptable for use in compact focal plane system because of the
need to have the annular ring support. We therefore developed a dielectric spaced version, which is hot pressed together
to make a very robust and easily shaped filter component. Unfortunately, when impedance matched to free space, this
type of filter leaves a pass-band fringe due to the underlying plane parallel substrate material. By using polypropylene
the absorption is low (see Tucker and Ade'’) but we have the basic Fabry-Perot fringe resulting from reflection at the two
surfaces. This can be tuned out by modifying the grid parameters and/or by applying an anti-reflection coating (but this
is only effective over a limited frequency range). This property alone has dictated the design of many instruments. A
hot pressed filter is also shown in Figure 5, for comparison with its equivalent air-gap.
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Figure 5: Relative performance of air-gap and hot pressed filters.
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To reduce the effect of non-normal incidence we use A/4 impedance inverting spacers, rather than trying to constrain the
edge by multiple interference. This has proven to allow useful performance at significant non-normal incidence (45
degrees) and in fast converging beams. A further difficulty arises with the air-gap filters as the frequencies increases
beyond ~30 cm™ due to significant Mylar substrate absorption even though it is extremely thin (~0.9 to 1.5um)(see
Figure 6a). An alternative substrate is polypropylene, which has a much lower absorption coefficient and is readily
available in films down to 3.3um thickness. However, this material requires such careful thermal vacuum annealing it is
rendered impractical for use in air-gap filters. It is however an ideal material for making dielectric spacer hot-pressed
filters, which provide extended performance for low-pass edges, as shown in Figure 6b.
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Figure 6a: Air-gap low pass filters Figure 6b: Solid polypropylene low-pass filters

The cascade filter theory predicts well the properties of both air-gap and dielectric spaced filters in the non-diffraction
region but is not applicable when A < g. Problems also arise if capacitive grid components are used in a polarimetric
instrument since the Fresnel equations (e.g. see Hecht'") dictate a difference for transmission and reflection of the
orthogonal vectors (S and P states) for the substrate alone, which becomes more complicated when the mesh structures
are considered. In an effort to characterise filter performance near the diffraction cut-on we have investigated the
transmission properties of a single capacitive mesh in detail (Pisano, Ade and Weaver'?).

Figure 7: Schematic showing S
and P polarisation state orientation
with mesh geometry and incidence
angle: @) normal incidence, b)
filter plane tilted by fand c) filter
plane tilted by &and rotated byc.

The experimental configuration of the S and P polarisations with respect to the grid plane tilt 8 and the grid rotational
orientation o are shown in Figure 7. It is immediately apparent, when considering off-axis incident radiation at a square
array mesh, that the apparent mesh geometry projected into the plane of the incident beam will be modified (rectangular
if pattern aligned with S or P or diamond shaped if mesh pattern at 45 degrees to S or P). We therefore expect changes
in the mesh transmission as a function of both the angular convergence (non-parallel beam) and angle of incidence. Our
study identified one major feature in the region A > g attributable to a Wood'? anomaly. Figures 8 and 9 show some
results of our modelling and measurement for P and S polarisation input respectively. In a multi-grid filter each mesh
will have its own characteristic Wood feature, which needs to be considered, if the resultant filter is to be used over an
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extended frequency interval. It is also apparent that these anomalies will be minimised by placing the filter components
in high focal ratio beams and at small incidence angles.
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Figure 9: S-polarised transmission for
fixed incidence angle 6 =45° as a
5 function of grid rotational orientation:
g o = 0° (open circles), o = 22.5° (solid
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Multi-grid low pass filters, which use dielectric spacers have a thickness of ~ (m+2)A/4n, where n is the dielectric
refractive index and m is the number of meshes. So for a low pass edge at 10cm™ using 10 grids embedded in
polypropylene (n = 1.48) the filter thickness is 2.027 mm. Using the polypropylene absorption data from Tucker and
Ade', we see that this filter is essentially “black” at wavelengths near 10um, the peak of the 300K emission. To prevent
internal filters in a cryogenic system from absorbing this NIR radiation we have designed and tested ultra thin (~4pum)
double-grid low-pass filters. These fine mesh patterns reflect the NIR frequencies, whilst transmitting much longer
wavelengths with near unity efficiency. With a thickness of 4um of polypropylene these filters absorb very little IR flux
and thus emit very little, so their actual temperature is not important. These filters are used to shade the multi-grid filters
from intense high frequency radiation and have proven necessary to create low background environments in large
aperture photometric systems (see Tucker and Ade'® for more detail).
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3. HIGH PASS EDGE FILTERS

The inductive grid structure of Figure 1a shows that we can manufacture high-pass filters using stacks of multiple grids.
These perform well in the non-diffraction region but once again are subject to the same Wood features as seen with the

capacitive structures. Figure 10 shows the performance of both air gap and hot pressed versions of a typical high pass
filter.
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é 0.6 ’\"\} Figure 10: Relative performance of air-gap and hot-pressed
é ' inductive grid high-pass filters. Left curve (solid black) is hot
Z 0.4 pressed and right curve (grey) is air gap. The small dips in the
E : pass band are Wood anomalies for the different geometry grids in

the structures and the large dips to the right are the onset of the
0.2 J diffraction region when v = 1/g (grid period in cm).
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The hot-pressed filter of Figure 10 was developed to define the longwave cutoff for band V (545 GHz) for Planck-HFI'
which requires filters to be placed at horn apertures.

4. BAND-PASS FILTERS

There are three basic methods to make band-pass filters. The easiest is to stack resonant grids together with A/4
impedance inverting spacers between the grids. With 3 or 4 meshes a reasonably “top-hat” response can be made as
shown by the 800 um broad band filter response in Figure 11. The problem with this technique is that the inherent
bandwidth, which is dependent on the mesh geometry (square size, line width and grid period), lies between 20 and 30%
for reasonable geometries. Model fitting of single grid transmission and multi-element filters requires a Floquet mode
analysis approach and shows that there are inherent losses related to the mesh pattern (square, rectangular, hexagonal etc)
and in particular to the capacitance. As shown by Cunningham'’, a narrow band-pass requires large capacitance and
hence large loss. For broadband applications at low frequencies, where the substrate absorption is low (capacitance
enhances the absorption), resonant grids remain a good option.
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0.8 ﬂ‘n Figure 11: Band-pass filters for
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@ | HE 2mm hot pressed band-pass (dotted
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For narrower band-pass filters, needed to select individual atmospheric windows as shown in Figure 11, we have always
used a double half-wave Fabry-Perot core to the filter'® which is able to provide modest bandwidth (~10- 15%) when
used in first order or bandwidths down to ~ 1% when used in higher order. Higher and lower order blocking is achieved
using lower order versions of the filter core or resonant grids. These inductive structures have small capacitance and
therefore have much lower absorption and can be used at much higher frequencies. We have manufactured filters of this
type in both air-gap and hot-pressed forms. Figure 11 shows examples of each type used to select astronomical bands at
2mm, 850 um and 200 pum (developed for ACT', Scuba-2'® and Thumper'® respectively). The atmospheric transmission
is a model fit to FTS emission data from Atacama in Chile*’. This model, developed at Cardiff, uses standard line data
bases (AFGL?") and a Clough® continuum term for H,O and provides excellent fits over a wide range of water vapour
concentrations. Figure 12 also shows the transmission for a 1% bandwidth filter at 118 cm™ (used for atmospheric OH
measurements™) with integrated blocking.
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A third band-pass design is needed when the bandwidth exceeds ~33%, which exceeds the maximum achievable with
resonant grid structures. Here, we use a combination of low- and high-pass edges. Figure 12 shows a plot of such a filter
used to select the spectral region between 100 and 200 cm™ (developed for Spizer-MIPS**), which has good efficiency
and importantly, a reasonably flat response across the pass band.

5. DICHROICS

Dichroic filters are an essential component for multifrequency photometers, which can allow simultaneous imaging of
the source in several wavebands. We have investigated the use of low-pass, high-pass, hot-pressed and air-gap devices.
As will be seen there is no single optimum recipe that meets the requirements of all instruments. Here we review the
performance of the most commonly used type.

5.1 Air-gap low-pass dichroics

Capacitive grid structure were seen to have good transmission properties at low frequencies with no Wood features in the
pass band. However, in reflection we are presented with several problems. First, we have the limitation of the
diffraction region, Vgisacion ( = 1/ smallest structure size).

Since the low-pass edge is close to Y2Vgiffaction this limits the reflection band to be equivalent to that of the transmission

band. Unfortunately the Wood anomalies of the individual meshes in the filter create diffraction features in the reflective
pass band which are dependant on the angle of incidence, the beam solid angle and the polarisation state, as discussed
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previously. There is no filter design solution to these effects but we can minimise them. We have some freedom to vary
the actual meshes used in an edge filter and can therefore place the Wood features at particular frequencies in the
reflection band. Clearly, if the dichroic is used in a collimated beam at near normal incidence, then the effects are
significantly diminished. Measurements have shown that good performance can be achieved if the beam focal ratio is >
4 and the incidence angle is < 22 degrees. The data shown in Figure 13 are for filter F1489 with a 30 degree incidence
angle and show little evidence of Wood features, since the grids were chosen so that only one feature was situated in the
reflection band (near 57 cm™) and the grid rotational orientation was fortuitously optimal to minimise its effect when
measured in the FTS polarised beam. Note that the transmission decrease near the low-pass cut-off at 33 cm™ is

decreasing because of the Mylar absorption.
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A problem arose during testing to verify that performance was maintained when cooled to low temperature. Since most
thermal contraction in both the annular metal support rings (‘Sanmac’ stainless steel type 304L) and the Mylar occurs
above liquid nitrogen temperature (77 K) measurements are usually made using a cold finger in the FTS to lower the
filter temperature to ~80 K. The initial measurements for filter F1489 are shown in Figure 14 and show that significant
fringing in the reflection band has occurred as the temperature is lowered. This spectral structure was observed during
the repeated thermal cycling, although no observable defects were apparent at room temperature. Using our filter model
to fit the observed spectral response we found that the data were only explicable if the gap between the penultimate and
last meshes near both surfaces had increased from 76pum to 126pum whilst the others remained nominal. The problem
was correctly diagnosed as due to thermal heating of the large area filters within the FT spectrometer where, despite
cooling the filter support, the radiation environment on both filter surfaces was 300 K. With minimal thermal conduction
possible through the thin Mylar substrate the ambient radiation maintained the outer meshes near 300 K whilst
everything else contracted forcing them to bow inwards or outwards (in this case both bowed outwards). In a cold
instrument hot-pressed filters are used to lower the radiation environment so that in a complete instrument this situation
would not occur. The measurement problem was solved by using thermal filters both before and after the test filter, and
limiting the exposed aperture to only that required for the measurement as shown in the overlay plot of Figure 14.
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Dichroics of this type are deployed in the Herschel-SPIRE instrument™ and have undergone successful cryogenic
vibration testing for the satellite launch.
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5.2 Hot-pressed low-pass dichroics

From the observed high frequency absorption and thermal difficulties experienced with air-gap filters we hoped that the
dielectric spaced components would provide a more practical solution for dichroic manufacture. As observed with the
low-pass edges, absorption is not a problem even at very high frequencies. Further, since the filter is a solid disc of
polypropylene with the meshes embedded in it thermal cycling has minimal effect on the transmission and reflection
properties provided that the individual meshes are properly fused together. Early filters made using this technique did
suffer from delamination arising from poor control of the fusing process, which was subsequently rectified.

However, to work as a dichroic the flatness of the reflecting plane must be maintained as the filter temperature is
lowered. This has proved to be challenging since at submillimetre wavelengths the final filter thickness can range from
0.1 to 2 mm and is very robust. For thin filters we have mounted the filter using our air-gap procedure, sandwiching it
between two annular rings having applied a pretension to the filter. This works well and the filters reliably cycle to low
temperature and remain flat, provided that they are measured in a cold radiation environment (otherwise similar bowing
will result as experienced with the air-gap filters). The pretension is gauged that thermal stresses are always within the
elastic limit of the material. For thicker filters difficulties have been experienced with this mounting technique due to the
high thermal stress arising both within a filter material (if there is a large temperature gradient) and with the support
rings. Pre-tensioning becomes difficult as does gripping the plastic sheet. As observed above, radiant heating of a filter
supported by a cooled frame will result in expansion, which will be extreme where the temperature gradient is large near
the support rings. Similarly a rapid cooling of the filter through its support in a vacuum will generate a similar thermal
stress. If this is extreme then the filter material may be pulled from its support clamp and become permanently distorted,
leading to a domed or potato-crisp like surfaces when cycled a few times.

Given that there is little to be gained from thermally clamping the filter to its support rings we have found a solution,
which allows the plastic disc to slide within its mount as the temperature changes. Use of a wave washer pushing the
disc onto a lapped surface of the annular support ring maintains the filter plane at all temperatures. Repeated thermal
cycling and spectral measurements at ambient and 80 K has shown that this technique provides satisfactory dichroic
performance at submillimetre wavelengths. Figure 15 shows data for a hot-pressed dichroic that should be compared to
that of Figure 14, the equivalent air-gap component.

Dichroics of this type are deployed in the Herschel-PACS instrument® and have also undergone successful cryogenic
vibration testing required for the satellite launch.

It is evident from the S and P studies of the transmission of single grids that there will be a variation in the Wood
features seen as the dichroic is rotated in the beam and as a function of beam incidence angle with respect to the
polarisation state. In addition there are changes in pass-band transmission and edge slope. We would not therefore
advise using dichroics in a polarimeter instrument before any polarisation-splitting device.
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6. INTENSITY BEAM-DIVIDERS

By combining capacitive and inductive meshes it is possible to get nearly constant transmission (or reflection) over a
broad band. One such component has been developed with ~50% transmission and 50% reflection to provide intensity
beam division for FT spectrometers. Figure 16 shows the measured reflection and transmission plot for a beam-divider
optimised for the spectral range 15 — 60 cm™. A useful parameter to use as a figure of merit is the efficiency € = 4¥R*T
which is also shown in Figure 16.
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The absorption loss is difficult to measure since it is small and is less than the errors associated with the individual
measurements. A good test has been to observe that the output signal from an intensity beam divided FTS is very close
to twice that obtained using a near perfect polariser beam dividing element. Using a Mach-Zender instrument
configuration®’ and two identical beam divider elements we have ensured that all photons arriving at the spectrometer are
detected in one or other of the two complimentary spectrometer outputs. Beam-dividers of this type have undergone
cryogezréic vibration testing for use in the Herschel-SPIRE FTS™ and have been used for a ground-based FTS used at
JCMT”.

7. HIGH FREQUENCY FILTERS (5 — 30 um REGION)

In principle there is no reason why metal mesh technology should not be extendable to much higher frequencies ~1000
em’. Our preferred substrate material, polypropylene, has good transmission properties as is observed in Figure 17 up to
1100 cm™ for the thickness (~10 — 20 um) required for multi-grid filter fabrication. In comparison, the much thinner
Mylar sample is seen to have significant absorptions in the FIR. Measurements of thicker samples have confirmed an
underlying continuum absorption extending to submillimetre wavelengths confirming our experience with absorption
loss in the low-pass edge filters.

There are however, two technologically challenging issues:
1. Polypropylene is not readily available in sheets of less than 3.3 um thickness.
2. Surface roughness of the substrate renders difficult the ultra fine photolithography (structure size < 1 pum)
required to effect the metal-mesh patterns.
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Figure 18 shows the highest band-pass made using hot-pressed technology, which is centred at 19um (~520 cm™). This
is used in site testing water vapour instruments®’. The advantage of this technology over the multi-layer dielectric filters
is that they are mechanically rugged, cycle to low temperature with little change in performance and can be easily cut to
any desired shape for frequency selective focal plane imaging.
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8. SUMMARY

We have presented a range of filter types spanning the FIR to mm region, which have been manufactured for various
instruments. The choice of filter type is seen to depend on its usage in an instrument. Hot-pressed filters are good for
thermal rejection and are readily deployed on radiation shields in combination with thermal filters to remove heating
effects. Once a low temperature environment has been achieved, air-gap filters provide good performance over extended
frequency range at sub-millimetre wavelengths. Hot-pressed band-passes take over for higher frequency use and also
work well at sub-millimetre wavelengths provided the frequency coverage is matched to the basic filter characteristics.
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We have also seen that particular care must be given to considering off-axis performance, especially if the polarisation
state is to be maintained in transmission or reflection. Off-axis effects can be mitigated by careful design and usage but
never eliminated.

Future plans include development of filters for the FIR by improving the photolithographic processing and gaining
control of thin (~1 pum) dielectric films suitable for filter manufacture. We are also exploring the possibilities of
manufacturing negative refractive index devices®' and using metal mesh concepts to manufacture lenses for the FIR/sub-
millimetre region.
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